Introduction
The term "supramolecular photochemistry" was coined by V. Balzani and others some 15 years ago. [1] [2] [3] With regard to coordination compounds of transition-metal ions, the term implies that interactions between different units used as building blocks in supramolecular assemblies strongly influence the photophysical and photochemical properties of the parent complexes. Among others, donor-acceptor pairs show light-induced, intermolecular electron-and energy-transfer processes, direct linkage of two units may result in a light-induced intramolecular electron-transfer or energy-transfer process, and aggregates of like complexes and molecules may form excimers. In the present contribution, three systems and the corresponding processes shall be discussed and analyzed in some detail. The role of the interaction between well-defined units which modulates the photophysical properties, in particular, the luminescence properties of the chromophores, constitutes the common theme for the three systems. a) For platinum(II) complexes with ligands that have extended p systems, p-stacking and also direct metal-metal interactions result in the formation of excimers with the characteristic luminescence shifted to lower energies with respect to the luminescence from monomers. [4, 5] b) In systems such as phthalocyanines (Pcs) to which electrondonating tetrathiafulvalene (TTF) groups have been fused, the luminescence is strongly quenched by intramolecular electron transfer.
[6] The luminescence can be switched on by selective oxidation of the TTF groups. c) The luminescence of ruthenium tris-bipyridyl derivatives is strongly influenced by the environment. For instance, linked to biotin, the luminescence quantum yield of such a complex depends upon its binding to avidin. [7, 8] Understanding the excited-state electronic structure and the underlying mechanisms of the observed photophysical phenomena at a fundamental level is essential for developing systems for potential technological applications.
Results and Discussion

Excimer Formation in Pt II a,a′-Diimine Complexes
Square-planar Pt II a,a′-diimine complexes have been the subject of a number of studies over the past years. [4, 5, [9] [10] [11] [12] [13] [14] Depending on the specific ligand environment, the lowest excited state may be either a ligand field ( 3 LF), an interligand ( 3 p-p*) or a metal-ligand charge-transfer ( 3 MLCT) state, and, therefore, the luminescence properties strongly vary from complex to complex. [5, 9] In the solid state, the energetic order of the excited states is also influenced by intermolecular interactions. The compounds very often form stacked crystal structures, and the intermolecular interactions may be classified as direct metal-metal interactions via the filled d z 2 orbitals, p-p interactions between p-stacked ligands, or as metal-ligand interactions between the d z 2 orbital of the metal ion of one complex with the p orbitals on the ligand of the neighboring complex. [5] [6] [7] [8] [9] [10] [11] In supramolecular systems, the interaction between different units modulates their photophysical properties. a) For platinum(II) complexes with ligands that have extended p systems, p-stacking and direct metal-metal interactions result in the formation of excimers with characteristically red-shifted luminescence. Time-resolved emission spectra show clear evidence of dual luminescence. b) In phthalocyanines to which electron-donating tetrathiafulvalene (TTF) groups have been fused, the luminescence is strongly quenched by intramolecular electron transfer. The luminescence can be switched on by oxidation of the TTF groups. c) The luminescence of ruthenium tris-bipyridyl derivatives is strongly influenced by the environment. Linked to biotin, the luminescence quantum yield of such a complex is enhanced by 30 % upon binding to avidin. Furthermore, the binding to avidin induces a circular-dichroism signal from the p-p* transition of the initially racemic ruthenium tris-bipyridyl derivative.
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the yellow form of solid [Pt(bpy)Cl 2 ], the luminescence originates from a 3 LF state. [9, 12] In [Pt(terpy)Cl]Cl [13] (terpy = 2,2′:6′,2″-terpyridine) and in the red form of solid [Pt(bpy)Cl2], [14] The two complexes presented here differ from previously studied complexes insofar as the competition between the different excited states in question actually results in true dual luminescence, i.e., luminescence from two excited states of the same species. Both complexes are square-planar dichloro complexes of the form [PtLCl 2 ] with L= 6,7-dicyanodipyridoquinoxaline (dicnq) or L= 6,7-dicyanodipyrido-[3,2-a:2′,3′-c]phenazine (dppz(CN) 2 ). For both ligands, the platinum is coordinated to the phenanthroline unit. The key difference between the two ligands lies in the extension of the delocalized p systems and therefore in the energies of the p and p* orbitals.
Structural Properties
For each compound, two polymorphs could be identified by X-ray crystallography. Unfortunately, it was only possible to determine the single-crystal structure of one of the polymorphs (hereafter named polymorph A) of each compound. Polymorph A of [Pt(dicnq)Cl 2 ] crystallizes in the triclinic crystal system, space group P1 , with two dimethyl sulfoxide (DMSO) solvent molecules per asymmetric unit. Figure 1a shows the essential feature of the crystal structure. Figure 1b shows the essential features of the crystal structure. The [Pt(dppz(CN) 2 )Cl 2 ] complexes arrange in layers along the b-axis. The Pt atoms form zigzag chains with alternating short and long distances of 3.358 and 4.489 Å, respectively, between the antiparallel-oriented complexes of adjacent layers. Within a layer, the neighboring molecules are oriented perpendicular to each other. The phenazine moieties of adjacent chains are separated by an interplanar distance of 3.413 Å. Polymorphism is well known in square-planar Pt II complexes. [12, 14] This is due to the fact that these complexes are neutral and planar, and most often crystallize in layer structures.
Photophysical Properties
The luminescence spectra at 11 K of polymorphs A and B and in a frozen dimethylformamide (DMF) solution of [Pt(dicnq)Cl 2 ] are shown in Figure 2a . In frozen solution, the broad and more or less unstructured spectrum centered at 16 800 cm -1 is characteristic of an 3 MLCT transition of the isolated complex. The corresponding lifetime of 79 ls with a single exponential decay is in line with this assignment.
With respect to the frozen-solution spectrum, the solid-state spectrum of polymorph A of [Pt(dicnq)Cl 2 ] is even less structured and is shifted to lower energies by some 1200 cm -1 , i.e., to 15 600 cm -1 . At the same time, the excited-state lifetime has dropped to 25 ls, with minor deviations from single exponential behavior. This is clear evidence for the importance of the interaction between neighboring chromophores in the solid state. From the structure shown in Figure 1a , this interaction is due to p-p interactions between the aromatic ligands of two chromophores of a nearest-neighbor pair as well as to pair-wise Pt(d z 2)-ligand(p) interactions. Such interactions may result in the formation of excited-state dimers, so-called excimers, with a characteristically red-shifted luminescence compared to the luminescence of the isolated chromophores. This is supported by the temperature dependence of the luminescence of polymorph A shown in Figure 2b . Between 11 and 100 K, the luminescence intensity increases by approximately a factor of 2, while above 100 K it decreases gradually. This behavior is encountered for a large number of 3 MLCT transitions. At low temperatures this is due to the different quantum yields of the components of the emitting multiplet, while at higher temperatures thermally activated non-radiative quenching sets in. What is rather more unusual is the blue-shift of the maximum of the emission band with increasing temperature. This is, in fact, another manifestation of the interactions between the chromophores. As has been noted for the red form of [Pt(bpy)Cl 2 ], [11] due to the thermal expansion of the crystal lattice, the interaction between chromophores decreases with increasing temperature and the excimer luminescence moves towards higher energies. The luminescence of polymorph A of [Pt(dicnq)Cl 2 ] . The key question to ask is, are there two species present in the polymorph B, each having its own characteristic luminescence spectrum, or does the luminescence originate from the same species, that is, is it true dual luminescence? Figure 3 shows the time-resolved luminescence spectra following pulsed excitation at 420 nm. It is evident that within the first 60 ns after the pulse, only the structured luminescence of the 3 p-p* emission is present. At longer delays, the broad, low-energy band gradually acquires some intensity. For delays above 5 ls, the shape of the spectrum stays constant. Figure 4 shows the actual luminescence decay curves for the two bands, i.e., monitored at 15 000 and 20 400 cm -1 . Initially the intensity of the structured component at higher energy decays rapidly with a time constant of the order of a few microseconds. At longer times it decays much more slowly, with a time constant of ∼ 30 ls. The decay curve of the low-energy component does not actually show a build up in the initial stages. This is due to the tail of the structured emission reaching all the way into this band. However, once it becomes the dominant band at this energy, the luminescence decays with the same time constant as the slow decay of the high-energy band. This is exemplified by the 
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curve of the ratio of the intensities at the two energies in Figure 4 , which reaches a constant value at around 10 ls. This proves that the two emitting states indeed belong to the same species. The two states must be very close in energy, with an equilibration time of around 3 ls. p-p* transition. This assignment is supported by the associated rather long lifetime of 350 ls. Except for a decrease in intensity with increasing temperature, the character of the solution emission spectrum remains unchanged all the way up to room temperature. In comparison to the dicnq ligand, the dppz(CN) 2 ligand has a more extended p system. Together with the strong p-acceptor properties of cyanide groups, this results in a much-lower-lying p* orbital compared to the former ligand, and, therefore, in the isolated complex the 3 p-p* state is the lowest excited state.
The emission of polymorph A of [Pt(dppz(CN) 2 )Cl 2 ] is characterized by a broad, structureless band at 13 000 cm -1 and an associated lifetime of only 1.8 ls at 11 K. The red-shift of more than 5000 cm -1 compared to the emission spectrum in solution, as well as the much shorter lifetime, clearly indicates a dramatic change in the character of the emitting state. From the structural data, it may be concluded that in the dominant interaction polymorph A is due to the comparatively short distance of 3.358 Å between two nearest-neighbor Pt II metal centers in the alternating zigzag chains. This interaction results in an excimer state of predominantly 3 MLCT character. However, at 110 ls, the associated lifetime is considerably shorter than in solution, and with increasing temperature the structured band is gradually lost and replaced by a red-shifted structureless band similar to the one observed for polymorph A. This indicates that, for polymorph B of [Pt(dppz(CN) 2 )Cl 2 ] too, there are two competing states at very similar energies responsible for the observed luminescence. This is borne out by the time-resolved luminescence spectra recorded at 11 K and shown in Figure 6 . In fact, initially after the pulsed excitation, the luminescence is dominated by an unstructured low-energy component, and the structured 
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Discussion
The luminescence properties of the two complexes are very different. They are summarized in Figures 7,8 p-p* emission. Ligand-field states do not seem to interfere in either compound. This is due to the fact that both ligands possess extended p systems and thus low-lying p* orbitals well below the energy of the empty d orbital. The filled d orbitals of the metal and the p orbitals of the ligands, on the other hand, are rather close in energy to each other. For the shorter ligand, the highest occupied molecular orbital (HOMO) seems to be essentially metal-centered, whereas for the longer ligand, it is ligand-centered. This is consistent with the fact that, as the p-p* gap decreases in aromatic systems, the absolute energy of the p* orbital decreases considerably, whereas that of the p orbital increases only slightly. [15] In the solid state, interactions of different types influence the electronic structure. In polymorph A of [Pt(dicnq)Cl 2 ], the dominant interaction is the p-p interaction between neighboring complexes. This results in a red-shifted excimeric emission of essentially 3 MLCT origin. Polymorph B shows dual luminescence at 11 K. Immediately following pulsed excitation, it shows typically structured 3 p-p* emission and, after a delay of ∼ 1 ls, a broad, red-shifted luminescence appears. In order for such a structured 3 p-p* emission to appear as primary emission, there must be a ground-state interaction which destabilizes the filled p orbitals of the ligand. The most probable interaction for this is an interaction between the lowest energy d orbital on Pt, namely the filled d z 2 orbital and the p orbital on neighboring complexes. This antibonding interaction destabilizes the p orbital sufficiently to push it above the other filled and essentially non-bonding d orbitals. The p-p interaction between the excited complex and a neighbor then leads to the formation of an excimer state, giving rise to the red-shifted broad-band emission. At higher temperatures, as all interactions decrease due to the thermal expansion of the lattice, the luminescence spectrum again resembles the solution spectrum.
In polymorph A of [Pt(dppz(CN) 2 )Cl 2 ], the emission is very strongly red-shifted and must therefore be fully excimeric in nature. At the same time, there is an interaction between the filled d orbitals of nearest-neighbor Pt-Pt pairs, which destabilizes the highest occupied d orbitals. This results in an excimer emission of 3 MLCT origin. In polymorph B, this interaction must be somewhat weaker, such that the red-shift of the excimer emission is less pronounced and such that the original 3 p-p* emission can again successfully compete with the excimer emission.
Tetrathiafulvalene-Annulated Phthalocyanines as Luminescent Redox Switches
A Pc is a very stable p-conjugated macrocyclic ligand that can form metal complexes with almost all metal ions. The molecules are well known as dyes due to their chemical and thermal stability and very strong characteristic optical absorption in the visible region, the so-called Q-band at around 700 nm, which has been assigned to the lowest-energy 1 p-p* transition. [16] A variety of applications of Pc, especially in biological systems [17] and solar-energy conversion, [18] have aroused considerable interest. TTF and its derivatives are well known for their electron-donating properties.
[6] Thus, TTF readily acts as a reductive electron-transfer quencher for the fluorescence of a number of electron acceptors, such as porphyrins, [19] as well as for Pcs. [20] The redox-active TTF units can be annulated to a Pc core in a supramolecular assembly, affording MPc-(TTF) 4 , as shown in 
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cation. [21] Suffice it to say that, even when fused to a macrocycle forming the annulated structure, the individual units keep their properties to a large extent. Therefore, their solution electrochemical data show two reversible four-electron oxidation waves for the TTF units, indicating that these fused systems are strong p-electron donors, which give rise to radical tetracation or octacation species. Additionally, for the metal-free Pc, a reversible one-electron wave is found in the negative direction arising from the reduction of the macrocycle. Figure 10a shows the absorption spectrum of ZnPc-(TTF) 4 dissolved in tetrahydrofuran (THF) in the region of the socalled Q-band, that is, in the region of the lowest-energy spinallowed electronic transition localized on the Pc unit, at different concentrations. With extinction coefficients in the range of 5 × 10 4 M -1 cm -1 , the oscillator strength is close to unity, as expected for the spin-allowed 1 p-p* transition. The fact that the spectrum depends on concentration indicates that in solution there is a substantial degree of aggregation. [22] The sharper component at 700 nm which increases in intensity with decreasing concentration is due to the monomer species; the broader structure at higher energy corresponds to the absorption from aggregates. The TTF units of ZnPc-(TTF) 4 can be oxidized by adding FeCl 3 as a mild oxidizing agent. Figure 10b shows that, as successive equivalents (with respect to TTF) of FeCl 3 are added, the sharper component at 700 nm of the Q-band increases at the expense of the broader component. This indicates that, as more and more TTF units are oxidized and as the charge on the complexes increases, aggregation decreases. Otherwise, the oxidation of the TTF units does not seem to influence the electronic structure of the central Pc unit to any large extent.
The neutral form of ZnPc-(TTF) 4 shows no luminescence, indicating that the TTF units indeed quench the characteristic luminescence of the Pc chromophore very efficiently. The oxidized species, on the other hand, exhibits quite a strong lumi- 
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nescence. Figure 10c shows both the luminescence and the excitation spectrum of the oxidized form ZnPc(TTF .+ ) 4 (concentration, c = 2 × 10 -6 M). The luminescence spectrum is a perfect mirror image of the excitation spectrum, with the characteristically small Stokes shift of the Q-band. However, the excitation spectrum is not fully identical to the absorption spectrum. In fact, the excitation spectrum only reproduces the part of the absorption spectrum attributed to non-aggregated molecules, indicating that the luminescence is also quenched as a result of aggregation in solution. Finally, Figure 10d shows the evolution of the luminescence intensity as more and more equivalents of oxidizing agent are added. Interestingly, quite a substantial excess of the oxidizing agent is needed to obtain maximum luminescence intensity. This in turn signifies that, if not all four TTF units of a chromophore are oxidized, the luminescence is still fully quenched.
In Figure 11 , the relevant states for the neutral ZnPc-(TTF) 4 and its fully oxidized form, ZnPc-(TTF .+ ) 4 , are schematically
shown. In the neutral form, the charge-transfer state with one TTF unit oxidized to TTF .+ and the Pc unit reduced to Pc .-lies at an optimal energy between the gap of the excited Pc unit and the ground state. The intramolecular electron transfer following excitation can thus successfully compete with the radiative decay of the initially excited state and thus quenches the luminescence. Based on the redox potential for the second oxidation step, electron-transfer quenching would still be a slightly exergonic process even for the fully oxidized species. However, in this case, the driving force is not sufficient to compete with the radiative decay of the p-p* state which has a natural lifetime less than 100 ps.
Ru
II -Bipyridyl Complexes as Luminescent Structural Sensors
Ru II bipyridyl derivatives have been successfully used as sensitizers in an exceedingly large number of photochemical and photophysical applications. [23, 24] Of particular interest for the present study are their application as luminescent probes intercalated into biologically relevant systems such as DNA. [25] [26] [27] With the aim of exploring the influence of the second coordination sphere of coordination complexes provided by a host protein, Lo et al. have recently demonstrated that coordination complexes bearing a biotin anchor may show luminescence enhancement and lifetime elongation on the order of 50 % upon incorporation into avidin. [7, 8, [28] [29] [30] Avidin is a homotetrameric protein which displays remarkable affinity towards biotin (K a ≈ 10 14 M -1 ). [31] Biotin can be functionalized via its valeric acid functionality with a Ru II -bipyridyl-based chromophore, as shown in Figure 12 .
In order to determine the affinity of rac-[Ru(bpy) 2 (Biotbpy)] 2+ (rac: racemic) for avidin, a spectrophotometric titration of the apoprotein (8.00 lM, 2.400 mL) was carried out at 25°C in a pH 7.00 buffered aqueous medium (phosphate buffer; ionic strength, I = 0.15 M) using circularly polarized light. In the free chromophore, the biotin quenches the luminescence quite efficiently, probably by electron-transfer quenching. Once the biotin is anchored in the pocket of the avidin receptor, this quenching become less efficient, leading to emission enhancement. After adding more than 0.25 equiv. of the tetrameric avidin, the luminescence enhancement stops, indicating that all of the biotin has been incorporated into the avidin. It is interesting to note that most biotinylated organic fluorophores undergo fluorescence quenching upon incorporation in either avidin or streptavidin. [33] [34] [35] [36] In
2+ displays emission enhancement, which is a major asset towards the development of a luminescent probe for the detection of functional biotin-binding proteins, such as avidin or streptavidin.
[8]
Conclusions
The common theme of the three systems presented above is given by the role of the interactions between the units constituting the supramolecular system. In the Pt II complexes, these interactions strongly influence the character of the emitting state. The in-depth understanding of the variability of these interactions is of paramount importance for the development of new luminescent Pt II complexes, for instance, to be used in electroluminescent devices. [37] Likewise, the luminescence behavior of a novel complex may serve as a diagnostic tool for the determination of the nature of crystal packing, in particular for subtle variations because of different sample preparations, or as a result of external pressure. [38] Unfortunately, in the crystalline solid systems discussed here, control over the effective interactions between chromophores is limited. In principle, bi-or polynuclear model systems should be designed in such a way as to induce a specific interaction, for instance, in a covalently linked, p-stacked double-decker complex.
Quenching of the fluorescence of the Pc core by the TTF units was observed, as a result of a rapid intramolecular electron transfer between the excited singlet state of the Pc and the TTFs. The photophysical investigations have also shown that fluorescence of ZnPc-(TTF) 4 is sensitive to the oxidation of the TTF unit. In fact, all four TTF units have to be oxidized in order for the luminescence from the Pc core to become effi- 
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cient, clearly indicating that these systems have the potential to act as efficient fluorescent redox switches. Likewise, the [Ru(Biot-bpy)(bpy) 2 ] 2+ emission enhancement may serve as a luminescent probe for the detection of functional biotin-binding proteins, such as avidin or streptavidin.
Experimental
General Information and Materials: All reagents were of commercial quality and used as supplied unless otherwise stated; solvents were dried where necessary using standard procedures. Elemental analyses were performed on a Carlo Erba EA 1110 CHNS apparatus. 1 H NMR spectra were recorded on a Bruker AC 300 spectrometer with tetramethylsilane (TMS) as an internal reference. The ligands 6,7-dicyanodipyrido-[3,2-a:2′,3′-c]phenazine [39] (dppz(CN) 2 ) and 6,7-dicyanodipyridoquinoxaline [40] (dicnq) were prepared as previously described. The details of the synthesis of the TTF annulated phthalocyanines are given in a previous publication [21] .
Synthesis [41] . The intensity data were collected at -120°C using Mo Ka graphite monochromated radiation, an image-plate distance of 100 mm, x oscillation scans 0-180°at j = 0°, and x oscillation scans 0-41°at j = 90°, step x = 1°, exposure time 4 min, 2H range 2. The structures were solved by direct methods using the program SHELXS-97 [43] and refined by full-matrix least-squares on F 2 with SHELXL-97 [44] . The hydrogen atoms were included in calculated positions and treated as riding atoms using SHELXL-97 default parameters. All non-hydrogen atoms were refined anisotropically. An empirical absorption correction was applied using the DIFABS software (PLATON [45] , with T min = 0.111, T max = 0.577 for [PtCl 2 (dicnq)], and T min = 0.185, T max = 0.656 for [PtCl 2 (dppz (CN) 2 ] ).
Crystallographic data (excluding structure factors) for the structures reported in this paper have been deposited with the Cambridge Crys- 2 : The synthesis of the biotinylated bipyridine ligand Biot-bpy was achieved by mixing equimolar amounts of biotinylated ethylenediamine [46] with the mono-activated bipyridine diester [47] [48] .
Photophysical Measurements: Emission spectra of the Pt II complexes were recorded on a home-built setup consisting of a 0.27 m single monochromator (Spex 270 M) equipped with a nitrogen-cooled charge-coupled device (CCD) camera (SpectrumOne Jobin Yvon) and appropriate collection optics. An Ar/Kr mixed-gas continuous-wave laser (Spectra Physics Stabilite 2108) tuned to the 457.5 nm line or a diode laser at 405 nm (Power Technolgy IQ1C50) was used as the excitation source. For excited-state lifetime measurements, samples were excited at 420 nm using the output of a magic prism optical parametric oscillator (OPO; Opotek) pumped with the third harmonic of a pulsed Nd:YAG laser (Quantel Brillant B, 20 Hz). Emission decay curves were recorded on a digital oscilloscope (Tektronix TDS 540B) using a fast photomultiplier tube (Hamamatsu TypH957-08), and time-resolved spectra were recorded using a gated photon-counting system (SRS 430). The time resolution of the setup was 20 ns. Low temperatures were achieved with a closed cycle helium refrigeration system (Oxford Instruments CCC1100T). The emission spectra of the Pc and the Ru II system in solution at ambient temperature were recorded on a commercial fluorimeter (Horiba, Fluorlog 3). All emission curves were corrected for the spectral response of the respective experimental setup. CD spectra of the Ru II system were recorded on a commercial CD spectrometer (Jasco J-715).
